In a period when the Iberian sardine stock abundance is at its historical minimum, knowledge of the sardine juvenile's distribution is crucial for the development of fishery management strategies. Generalized additive models were used to relate juvenile sardine presence with geographical variables and spawning grounds (egg abundance) and to model juvenile abundance with the concurrent environmental conditions. Three core areas of juvenile distribution were identified: the Northern Portuguese shelf (centred off Aveiro), the coastal region in the vicinity of the Tagus estuary, and the eastern Gulf of Cadiz. Spatial differences in the relationship between juvenile presence and egg abundances suggest that essential juvenile habitat might partially differ from the prevailing spawning grounds. Models also depicted significant relationships between juvenile abundance, temperature and geographical variables in combination with salinity in the west and with zooplankton in the south. Results indicate that the sardine juvenile distribution along the Iberian Peninsula waters are an outcome of a combination of dynamic processes occurring early in life, such as egg and larva retention, reduced mortality and favourable feeding grounds for both larvae and juveniles.
INTRODUCTION
Essential fish habitat (EFH) is the high-quality area where a species feeds, grows, matures and spawns during its ontogenic development (Council Directive 92/43/ EEC). In ecosystem-based fishery management (Levin and Stunz 2005) , it is crucial to identify which habitat(s) a certain fish species uses during its different life stages, and the sustainability of fish populations necessarily involves the preservation of EFH .
Preserving EFH for juveniles is of special importance in small pelagic exploited species such as sardine (Sardina pilchardus [Walbaum, 1972] ), whose population abundance depends heavily on incoming recruitment each year. Sardine is a small eurythermic and euryhaline clupeoid, distributed in the northeastern Atlantic Ocean from the southern Celtic Sea and the North Sea to Senegal, and across the western and northern Mediterranean Sea (Parrish et al. 1989) . It generally inhabits waters with temperatures ranging from 8 to 24°C and salinities ranging from 30 to 38 psu (Petitgas et al. 2006) . Sardine populations support important fisheries across their distribution area (Whitehead 1985) . In Iberian Peninsula waters (ICES areas 9a and 8c), both Portuguese and Spanish purse seine fleets target sardine. In the past decade, the abundance of sardine has decreased abruptly (2.6-fold from 2005 to 2009) and is presently at the lowest historical level (ICES 2016) . Low abundance and catch regulations lead to a 2.2-fold decrease in landings from 2013 to 2015 (ICES 2016) .
In small pelagic species, juveniles are more vulnerable to environmental changes (Giannoulaki et al. 2011 ). In the western coast of the Iberian Peninsula, the potential habitat for adult sardine has been described to be driven by a particular set of environmental conditions: high chlorophyll a concentrations in association with low salinities and both high or low temperatures (i.e. freshwater enrichment), or with low temperatures and average salinities (i.e. coastal upwelling waters) (Zwolinski et al. 2010) . Spawning areas have also been described for this area (Bernal et al. 2007 ), but there is limited information regarding the distribution of sardine juveniles (Marques 2005) . The only information for this area is their regular presence on the northern Portuguese coastal shelf due to the proximity of the Douro, Ria de Aveiro, Tejo and Sado estuaries (Silva et al. 2009 ).
Under the hypothesis that similar conditions to the ones described to localize eggs and adults will drive juvenile dynamics off the Portuguese coast and the Gulf of Cadiz, this work focuses on two aspects: (i) is presence of sardine juveniles related to their egg abundance (as a proxy for spawning grounds)? and (ii) which of the main environmental factors already described to influence adult sardine distribution is associated with their spatial distribution?
MATERIALS AND METHODS

Acoustic sampling
Acoustic data were obtained during six acoustic surveys conducted in spring (2005-2010; Table 1 ).
The acoustic surveys were carried out onboard the R/V Noruega along predefined parallel transects perpendicular to bathymetry from 20 to 200 m depth with 8 nautical miles (nm) inter-transect distance. The same sampling design was followed in all years along the Portuguese coast and Gulf of Cadiz (Fig.  1) . Surveying was limited to daylight following the methodology described in ICES (2016). Echo integration was carried out with a Simrad 38 kHz EK500 scientific echosounder. The echosounder was calibrated before each survey by means of a cupper sphere, according to standard procedure (Foote et al. 1987) . Acoustic fish energy data were recorded and integrated with MOVIES+ software (Weill et al. 1993) . Echo integration was performed from 20 cm above the seabed (prior, echogram bottom was manually corrected) to 3 m below the transducer, along 1-nm elementary distance sampling units (ESDU). Fish samples were collected with pelagic and bottom trawls. Trawl samples were used to assist in species identification to split the acoustic energy within species and by length. For each trawl, a sample of approximately 100 kg of fish was taken and sorted by species. For sardine, a sub-sample of 100 individuals was taken and their total length (TL) and weight (W) were measured. In this study, juveniles were considered to be individuals with TL≤16.0 cm (Silva et al. 2006) . Sardine age-length keys show that individuals with TL≤16.0 cm broadly represent the recruiting year-class in spring surveys (age-1 individuals). Since sardine length at which 50% of the fish are mature (L 50 ) is around 14.0 cm in the study areas (Silva et al. 2006 ), a small proportion of young adults are also included. 
In situ environmental data
Along the acoustic transects, a Continuous Underway Fish Egg Sampler (CUFES, mesh 335 µm) was used for plankton surveying. Water was pumped at a rate of approximately 600 L min -1 from a depth of 3 m. Samples were collected every 3 nm to monitor sardine egg abundance (number of eggs per water filtered m -3 ). Total zooplankton volume (ml/10 m 3 ) was measured through displacement volume. Concurrently, sea surface temperature (°C), salinity (psu) and fluorescence (V; a proxy for chlorophyll a) were measured using high-resolution probes coupled to the CUFES system. Fluorescence was not recorded in 2010 due to sensor malfunction. As a result, this year was included in the boxplots (Fig. 2) , but not considered in the models.
Data analysis
Echograms were screened to remove noise from bubbles, double echoes and when necessary plankton (Simmonds and McLennan 2005) . Species acoustic energy was attributed by visual inspection and supported by fishing trawls. Acoustic samples for sardine were obtained by performing echo integration along 1 nm ESDUs. The minimum volume scattering strength (Sv) integration threshold for fish was set at -60 dB, which is the value used for echo integration of sardine for assessment purposes. Once the energy was attributed to sardine, adults (TL>16cm) and juveniles (TL≤16 cm) were separated and treated as different groups. Estimates of sardine juvenile abundance (in number and biomass) were calculated following the procedures described in Simmonds and MacLennan (2005) and implemented in the "EchoR" package (Doray 2013) for R (R Development Core Team 2011). Based on sardine growth (Silva et al. 2006) , we assumed sardine juveniles observed each year to be survivors of eggs spawned the year before. Therefore, estimates of sardine juvenile abundance were made with the explanatory variables of year i with the corresponding variable egg abundance of the previous year (year i-1). Two areas were defined a priori on the basis of consistent hydrographic and biological domains. The western area (37-42°N; 9-10°W) that extends from the northern Portuguese-Spanish border to Cape São Vicente (Fig. 1) is enriched in winter by the runoff of several rivers (Minho, Douro, Tejo and Sado) and strong upwelling episodes that last from spring to early autumn (April to September). These features ensure high nutrient availability and relatively high primary productivity throughout the year (Peliz and Fiúza 1999) . The southern area (35-37°N; 6-9°W) is delimited in the west by Cape São Vicente and in the east by Cape Trafalgar (Fig. 1) . In Cape São Vicente, the coastline orientation changes ca. 90°, with implications for coastal oceanography: while the upwelling regime is strong and persistent in the north due to the prevalence of northerly winds, it is weak and intermittent in the south (Relvas and Barton 2002) .
Environmental variables (temperature, salinity, fluorescence), egg abundance and number of fish were averaged on a common regular grid with 0.25° spaced nodes following the gridding methodology of the Working Group on Acoustic and Egg Surveys for Sardine and Anchovy in ICES Areas 7, 8 and 9 (WGACEGG) (ICES 2016). To randomize grid origin, a small procedure of four steps is applied: (i) 200 grids are generated, each with a different origin, (ii) data are averaged for each one, (iii) all grids are superposed with the same origin, and finally (iv) the mean in each cell is calculated over all the grids (ICES 2016).
To reduce skewness of raw data, egg and juvenile abundance were square root-transformed, and zooplankton volume, salinity and fluorescence were logtransformed. All variables were right-skewed apart from salinity, which was left-skewed. Thus, prior to log-transformation, salinity values were transformed (1+maximum salinity) to obtain right-skewed distributions. The consequent inversion of the salinity scale needs to be taken into account in the interpretation of results.
Generalized additive models (GAMs) with a binomial distribution and a logit-link function were used to test the relationship of sardine juvenile presence with geographical variables (latitude and longitude) and egg abundance (analysis restricted to the period [2006] [2007] [2008] [2009] [2010] . The initial model considered the additive effect of a bivariate anisotropic smoother of latitude and longitude and a univariate smoother of egg abundance. GAMs with a negative binomial distribution and a loglink function were used to test the relationships of sardine juvenile abundance (in numbers) with geographical variables, environmental variables and zooplankton volume (analysis restricted to the period 2005-2009, when all variables were available). The initial model considered additive smooth effects of all variables. After finding the best model with environmental variables only, we tested whether the addition of geographic variables (latitude/longitude) resulted in a significant model improvement. GAMs were built separately for each area and were all fitted using the "mgcv" package (Wood 2006) for R (R Development Core Team 2011). Model selection was carried out by likelihood ratio tests (LRT) using the chi-square statistic. When the number of effective degrees of freedom of smooth terms was close to one, smoothers were replaced by linear coefficients independently of the results of LRT. Residual analyses were used to check normality and variance homogeneity of the response variable (Wood 2006) . The presence of spatial autocorrelation in juvenile abundance was checked by examining variograms of model residuals and plots of residuals against geographic variables (Wood 2006) .
RESULTS
Data from 413 acoustic transects and 239 trawl stations were collected during 177 effective survey days (Table 1) . On average, sardine adults were present at 65% of the trawl stations and juveniles at 38%. In the last year of the series, the number of fishing hauls decreased due to the lower detection of adult sardine shoals. Juvenile abundance varied substantially over the years, showing a sharp decrease from 19211 million individuals in 2005 (the highest abundance observed) to 665 million individuals in 2007 and a small increase thereafter, reaching 4901 million individuals in 2010 (Table 1 and Fig. 2) .
Sardine juveniles were consistently more abundant on the western coast, and the years of higher abundance in this area (2005, 2009) were always followed by years of higher values of sardine juvenile abundance in the south (2006, 2010; Fig. 2 and supplementary material) . Three core areas of juvenile distribution were found: the northern Portuguese shelf (centred off Aveiro), the coastal region in the vicinity of the Tagus estuary, and the eastern Gulf of Cadiz.
Egg spatial distribution was patchy and variable across years ( Fig. 2 and supplementary material) . Generally, the southern area showed higher egg abundance values. Low egg densities were observed over the entire study area in 2005 and 2010. In 2006, high abundances were observed but they were circumscribed to a couple of stations in the southern area. The wider egg distribution, with core areas over the northern shelf (on the Estremadura promontory just north of Lisbon), the southwestern coast and the inner Bay of Cadiz, was observed in 2008.
Environmental descriptors
Frequency distributions of environmental variables fluctuated over the years. The southern area generally showed higher salinity (between 35.5 and 36.3) and temperature values (between 13.9 and 18.8°C) than the western coast (between 32.2 and 36.2 and between 12.3°C and 17°C, respectively; Fig. 2 and supplementary material), whereas fluorescence and zooplankton volume showed no consistent differences between areas. In 2010, a wider range of values was observed in salinity (32.0-36.1 in the southern and 32.6-36.3 in the western area), temperature (17.3-19.0°C in the southern and 14.1-17.4°C in the western area) and zooplankton volume (mean 3.402 ml/10 m 3 in the southern and 3.607 ml/10 m 3 in the western area), with generally lower salinity and higher temperature and zooplankton volumes than in the previous years.
Juvenile presence in relation to spawning grounds
The best model for juvenile presence in both areas was defined by the interaction of geographical variables plus egg abundance (Table 2 ). In the western area, the best model showed that the probability of juvenile presence increases slightly with low levels of egg abundance and decreases sharply after an intermediate level of egg abundance (Fig. 3A) . Geographic variables assisted in the identification of two zones of higher probability for juvenile presence: one in the region between Figueira da Foz and Aveiro (~40-41°N) and one at the Estremadura promontory (~39°N) (Fig. 3A) . In the southern area, presence of juveniles is expected to decline linearly with egg abundance (coefficient [se]=-1.07 [0.24]) (Fig. 3B ). The best model for this area also evidenced the high probability of juvenile presence in the south except in the northwest and southeast corners (i.e. Cape São Vicente and at the entrance to the Strait of Gibraltar, respectively).
Environmental and geographical effects on juvenile abundance
GAM models were first fitted to both coasts considering just the environmental variables (w 1 /w 2 and s 1 / s 2 models; Table 3 ); however, models including geographic variables provided a significantly better fit to the juvenile abundance data and were selected as the final abundance models (w 3 and s 3 ; Table 3 ).
The first model fitted to the west coast (w 1 ) explained 28.5% of the total deviance and included all the environmental variables: salinity, temperature, fluorescence and zooplankton volume. Model w 2 explained 27.5% of the deviance and included dome-shaped Table 3 . -Summary of the abundance models. N, number of samples; sal, salinity; t, temperature; f, fluorescence; z, zooplankton volume; lat, latitude; lon, longitude; Dev, deviance explained; s( ) denotes that a smoother was used. W 1 and s 1 are the models fitted with environmental variables only; w 2 and s 2 are the best models with environmental variables only and w 3 and s 3 are the models including geographical variables.
In bold, the models plotted in Fig. 4 Table 3 ). This model includes a domeshaped smoother function of temperature with a peak around 14°C (Fig. 4A ) and a smooth effect of salinity with two domes (~35.3 and ~33.7). The latter peak in the salinity term showed a wider confidence interval due to sparse data. Juvenile abundance in this area also showed a bimodal shape response with latitude, displaying one peak at ~38.6°N (Lisbon) and another one at ~40.3°N (Figueira da Foz-Aveiro).
In the south, the first fitted model (s 1 ), contained all environmental terms and explained 36.1% of the total deviance. . Longitude, representing the alongshore location, helped to identify a peak of juveniles around 6.6°W (Huelva, Fig. 4B ).
GAM mean values (years 2005-2009 ) of predicted abundance of sardine juveniles for both areas (Fig. 5 and supplementary material) highlighted three core areas: the northern Portuguese shelf (centred off Aveiro), the coastal region in the vicinity of the Tejo estuary and, with slightly less predominance, the eastern Gulf of Cadiz (between Tinto and Odiel estuary and Guadalquivir estuary).
DISCUSSION
In most cases, areas with high levels of sardine juvenile did not match spawning grounds (areas with the highest egg concentrations), as reported for eggs and larvae (Santos et al. 2004) . From the three core-zones in this study, only the Gulf of Cadiz region corresponds to an area of significant spawning preference evidenced by Bernal et al. (2007) ; however this is also the corezone where the lowest values of juveniles were found. Nevertheless, the outcomes of the present study highlight that intermediate egg abundances values foster juvenile sardine presence. Therefore, the aforementioned mismatch may reflect different levels of survival (or mortality), transport and/or movement of larvae and/or young juveniles, or even methodological issues.
Several oceanographic processes have been reported to influence survival of fish in their first life stages (i.e. larvae and juvenile individuals) after egg hatching (Katara 2014) . In the western area, the presence of the Western Iberian Buoyant Plume (WIBP; Peliz et al. 2002 ) that transports lower salinity water from river discharge to offshore, allows for the growth and concentration of phytoplankton during winter, which coincides with the spawning season (Peliz and Fiúza 1999) , and favours larval survival (Santos et al. 2007) . Also, the hypothesis of cannibalism should not be dismissed, as sardine species have been reported to cannibalize their own eggs and larvae (Garrido and van der Lingen 2014) .
A mismatch between distribution of eggs and adults has also been reported for some areas (Bernal et al. 2007 , ICES 2016 , and may indicate displacement of fish, larvae and/or eggs. The Iberian Poleward Current (IPC), a narrow (25-40 km), slope-trapped, tongue-like structure that flows northerly off the coasts of the Iberian Peninsula and the South of France (de Castro et al. 2011) , creates favourable conditions for the retention of larvae close to the shelf break (Santos et al. 2007 ). In fact, it is the combination of the two structures, the WIBP (acting vertically) and the IPC (acting horizontally), that counteracts the upwelling event present in this area, creating a convergent band where eggs and larvae are retained (Santos et al. 2004) . Therefore, it is likely that sardine juveniles migrate to coastal areas by both passive and active transport processes, while advection processes facilitate the passive transport of sardine eggs (although limited since their longevity is usually short, less than 4 days). This has been previously pointed out for other fish species in the same study areas, such as Solea solea (L., 1758), where spawning grounds differ from nursery pools (Koutsikopoulos and Lacroix 1992) .
Another hypothesis to explain the eggs-juveniles mismatch is a different habitat use. Spatial differences between juvenile presence and egg abundances suggest that essential juvenile habitat might differ from essential spawner habitat. Spawning areas are com- monly characterized by productivity-inducing oceanic processes such as upwelling and riverine plumes (Bergeron 2004) , and current systems that lead eggs, larvae and their prey to appropriate nursery areas (Cotano et al., 2008) . On the other hand, nursery grounds are in general retention areas (Katara 2014) . In addition, Portugal's coastal geomorphology may favour the presence of eggs and not juveniles. The narrow (~25 km), rocky and steep continental shelf with little influence from river runoffs (Zwolinski et al. 2010 ) might explain the juveniles' avoidance of this area. This has also been demonstrated for the Mediterranean, where preferred spawning grounds tend to be restricted and associated with nutrient enrichment point sources that enhance productivity, such as river runoffs or local upwelling (Giannoulaki et al. 2011 ). This might explain why Costa Vicentina (from the Sado River to Cape São Vicente, Fig. 1 ) showed higher egg abundance than juvenile abundance (see supplementary material) and why the western coast shows lower levels of sardine adults (Zwolinski et al. 2010) . Finally, some methodological issues might explain the observed mismatch. Ichthyoplankton surveys have shown that sardine spawning is restricted to the continental shelf (Ré et al. 1990) , and sardine juveniles are known to aggregate in shallow areas. This may lower the accessibility of fish when compared with accessibility of eggs in acoustic surveys (i.e. distribution of shoals very close to coast or to the bottom and topographic features may lower the probability of detection).
The results indicate that waters with lower salinity and temperature values favour the abundance of juveniles on the Portuguese western coast. When associated with high fluorescence levels and zooplankton concentrations, these waters may indicate the existence of river discharges (i.e. freshwater enrichment). Higher-discharge rivers (the Minho, Douro, Mondego and Vouga in the northern area, the Tejo and Sado in the Lisbon area and the Guadiana, Tinto, Odiel and Guadalquivir in the Gulf of Cadiz region) located along the two study areas (Fig. 1 ) create significant productive estuarine zones (Silva et al. 2009 ). Estuarine zones have been long recognized as important nursery areas (McLusky 1989) . This derives from their oceanographic features, which, combined with optimal environmental windows, offer fish species in the first years of life with high food availability, refuge from predators, and physical protection. Along the Portuguese coast and the Gulf of Cadiz, the importance of these estuarine systems as nursery areas has also been highlighted (Vasconcelos et al. 2010) . For instance, in the Guadalquivir estuary, young stages of European anchovy (Engraulis encrasicolus (L., 1758)) and sardine represented 94% of all collected individuals in a study analysing the effects of estuarine fisheries on the recruitment of fish (Sobrino et al. 2005) . These results are in agreement with Zwolinski et al. (2010) , who found that higher concentrations of chlorophyll a, low salinity and either high or low temperatures lead to higher presence of sardine adults off the western coast. However, they contrast with what was observed for the eastern Mediterranean and the Bay of Biscay. In the former case, sardines were associated with warmer waters (Giannoulaki et al. 2011) , while in the latter no preferences were observed in relation to hydrographic conditions (Petitgas et al. 2006) .
Topography is suggested to play an important role in directing local distribution and variability of EFH. The areas of higher probability of juvenile presence were located in coastal shallow zones (40-41°N and 9°W~Aveiro and 38°N and 9.6°W~south of Sado River in the west; area covering the Gulf of Cadiz in the south), similarly to what is found in the Mediterranean Sea. In this area, suitable sardine nursery areas are presumably located in shallow coastal waters (up to 100 m depth) in the north of the Alboran Sea, the Sicily Strait, the western coast of the Italian Peninsula, and the Cretan Shelf in Greek seas, and areas along the Levantine coast (, and the Cretan Shelf in Greek seas, and areas along the Levantine coast (Bellido et al. 2008 , Giannoulaki et al. 2011 . This reinforces the hypothesis of juveniles' preference for areas with plenty of food and physical protection.
GAM abundance results further indicate that, although different in intensity, similar factors are associated with the sardine's ontogeny off the western coast. This suggests an equivalent ecological niche: both sardine adults (Zwonlinski et al. 2010 ) and juveniles seem to prefer environmental conditions characteristic of freshwater enrichments. In the southern area, high temperature and low zooplankton volumes combined with longitude explained higher juvenile abundance. As no GAM models for adult distribution in relation to environmental factors have been constructed for the southern area, we have no source of comparison available. However, the extent data set of acoustic spring surveys collected by the institute in the last 32 years reveals that the Gulf of Cadiz is an area prone to high adult sardine concentrations (Marques 2005 , ICES 2016 ).
The differences in factors contributing to juvenile distribution between areas are probably due to coastline orientation, which in turn causes differences in physical forcing, such as winds and currents (Ré et al. 1990 , Relvas and Barton 2002 , Santos et al. 2004 . As suggested for egg abundance, the persistent higher abundance of juveniles found in this study (first in the western area and one year later in the southern area) might suggest movement of juveniles towards the south, hypothetically facilitated by oceanic processes (Santos et al. 2004 (Santos et al. , 2007 .
The three core areas of juvenile abundance found in this study seem to be persistent in time, as was highlighted by Marques (2005) in prior annual surveys. Similarly, studies using area aggregated data from acoustic surveys and commercial catches suggested that the abovementioned zones are more prolific for the abundance of juvenile sardine, designating them as recruitment "hotspots" (Silva et al. 2009 ). It has been proved that small pelagic fish such as sardines are most likely to have more confined distribution to their suitable habitat at low affluences (MacCall 1990) . The lower prevalence of juveniles in the south area (Gulf of Cadiz) in the present study compared with earlier periods (e.g. Marques 2005 ) reflects the decrease in abundance and recruitment of sardine in the area (ICES 2016) .
The protection of essential fish habitat by means of marine protected areas (MPAs) might improve the current status of both habitats and stocks, and ensure the long-term sustainability of fisheries resources (Giannoulaki et al. 2011) . However, given the complexity of the processes within marine ecosystems, the ecological changes that an MPA creation might bring about vary greatly from one region to another and are difficult to predict accurately (Edgar et al. 2007 ). The outcomes of the present study may assist in the identification of areas where the protection of juveniles is imperative, but more studies to analyse the impacts on the entire ecosystem are recommended.
This study has shed light on the relationship between environmental and geographical variables and the distribution of sardine juveniles along the Portuguese coast and the Gulf of Cadiz. Habitat modelling, as in the work presented here, provides essential information for identifying priority areas for the effective management of the sardine stock in the Iberian Peninsula.
